
Ab initio study of electronic and optical properties of multiwall carbon nanotube structures made
up of a single rolled-up graphite sheet

Hui Pan, Yuanping Feng,* and Jianyi Lin
Department of Physics, National University of Singapore, 2 Science Drive 3, Singapore 117542

�Received 1 February 2005; revised manuscript received 27 April 2005; published 3 August 2005�

The electronic and optical properties of carbon nanoscrolls were investigated using a first-principles method
based on density functional theory and the local density approximation �LDA�. Two models of different sizes
were considered and their properties were compared. The nanoscrolls were found to be metallic and semime-
tallic within the LDA. The energy bands near the Fermi level were ascribed to the bonding unsaturation at the
edges of the carbon nanoscroll. Increasing the size of the nanoscroll resulted in decoupling between the p
orbitals at the inner and outer edges. The calculated reflection spectra and loss function showed features of both
single-wall carbon and multiwall carbon nanotubes.
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Since its discovery,1 the carbon nanotube �CNT� has at-
tracted ever increasing scientific interest due to its outstand-
ing mechanical and electronic properties. Experimentally,
CNT’s can be synthesized by the laser-vaporization method,
electric-arc discharge technique, or chemical vapor deposi-
tion �CVD�.2,3 Theoretically, a carbon nanotube can be con-
sidered as a graphite sheet curled up into a cylinder. Gener-
ally, CNT’s can be classified into single-wall carbon
nanotubes �SWCNT’s� �one cylinder of the graphite sheet�
and multiwall carbon nanotubes �MWCNT’s�. Intensive re-
searches have been carried out on both types of nanotubes.
The structure of a SWCNT is completely described by a
chiral vector R� =nC� 1+mC� 2 or simply �n ,m�, where C� 1 and

C� 2 are basis vectors of a graphite plane.4 The electronic
properties of SWCNT’s are dependent on their chirality and
diameters.5–10

MWCNT’s can be further divided into two categories: the
Russian doll and the Swiss roll �carbon nanoscroll�.11 The
Russian doll structure consists of nested carbon tubes, while
the Swiss roll structure is made up of a single rolled-up
graphite sheet.1,12–16 Most studies of MWCNT’s have been
focused on the Russian doll structures. The intershell spacing
d002 in Russian dolls was found to range from 0.34 to
0.39 nm, increasing with decreasing tube diameter.17,18 The
Swiss roll structure was first thought as defects in CNT’s.13

But its existence was eventually confirmed by x-ray
diffraction.15 Recently, Ruland et al. demonstrated that the
Swiss roll structure has a uniform chirality.16 Further studies
have been carried out to investigate the structural stability
and properties of this new form of carbon.17,19–22 However,
compared to the Russian dolls, the Swiss roll is still a rela-
tively unknown system. Systematic investigations of the
structural and electronic properties of this unique nanostruc-
ture would be useful for understanding its structure and prop-
erties and for exploring its potential applications, such as
sensors, hydrogen storage, and nanodevices.

However, a theoretical study of CNT’s, particularly
MWCNT’s or nanoscrolls, is difficult due to the large num-
ber of atoms required to model the system. Initial calcula-
tions of carbon nanoscrolls were carried out using continuum
elasticity theory19–22 which cannot reveal structural features

at the atomic level. Setton carried out a molecular mechanics
calculation but used only a pairwise interaction.23 More re-
cently, Braga et al. performed molecular dynamics simula-
tions to investigate the formation, stability, and structural ef-
fect of carbon nanoscrolls due to charge injection24 and
found that carbon nanoscrolls automatically occur when a
critical overlap between sheet layers is achieved for the par-
tially curled sheet and charge injection causes them to un-
wind. However, to our knowledge, there has not been any
systematic investigation of the electronic properties of such
structures, particularly using first-principles methods. With
unprecedented accuracy, first-principles calculations can be
expected to reveal more details of the structure and proper-
ties of the carbon nanoscrolls and provide further under-
standing of this unique type of nanostructures.

In this study, we investigate the electronic and optical
properties of carbon nanoscrolls using a first-principles
method based on density functional theory �DFT� and the
local density approximation �LDA�. The plane-wave basis
DFT pseudopotential method25 and the CASTEP �Cambridge
serial total energy package� code26 were used in our study. In
the total energy calculations, the ionic potentials were de-
scribed by an ultrasoft nonlocal pseudopotential proposed by
Vanderbilt.27 The exchange-correlation function param-
etrized by Perdew and Zunger was used.28 We used a super-
cell of 25�25�2.438 Å3 which is sufficient to avoid an
interaction of the nanoscroll with its images. An energy cut
off of 310 eV was used for the plane-wave expansion of the
electronic wave function. Ten k points along the direction of
the tube axis were chosen according to the Monkhorst-Pack
scheme for the sampling of k points in the Brillouin zone.29

Good convergence was obtained with these parameters. The
total energy was converged to 2.0�10−5 eV/atom while the
Hellman-Feynman force was smaller than 5.0�10−2 eV/Å
in the optimized structure.

Nanoscrolls with chirality equivalent to that of the arm-
chair carbon nanotube were chosen in our study, for conve-
nience of modeling. That is, the carbon nanoscrolls were
obtained by rolling up a graphite sheet in the direction of

R� n=nC� 1+nC� 2. In order to investigate the size dependence of
the electronic and optical properties of the nanoscroll, calcu-
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lations were performed on two models which differ only in
their sizes. Model 1, shown in Fig. 1�a�, has n=14 while
model 2, shown in Fig. 1�b�, corresponds to n=24. Dangling
bonds at the edges of the graphite sheet were saturated using
hydrogen atoms which are shown using white balls in Figs. 1
and 2. Hydrogenation of edge carbon atoms is physically
possible due to the presence of hydrogen atoms in the growth
process. The carbon nanoscrolls were constructed from a
structurally optimized graphite sheet in which the CuC
bond length is 1.41 Å and the distance between two adjacent
graphite layers is 3.41 Å. The bond length is close to the
experimental value of 1.42 Å. The atomic structures of the
carbon nanoscrolls were then fully optimized through mini-
mization of their total energies by means of the Hellman-
Feynman forces, including Pulay-like corrections.30

Figure 2 shows the atomic structures of the two models
after geometry optimization. Compared to the initial struc-
tures shown in Fig. 1, it is clear that the inner half-circle of
the graphite sheet extends after the optimization, to relax the
strain. At the same time, the outer part of the nanoscroll
extends outward slightly. The interlayer spacing is about
3.42 Å, which is similar to that of graphite or the Russia
doll, except near the edges of the graphitic sheet. The inter-
layer distance is smaller �3.13 Å� near the inner edge, while
it is larger near the open end �3.45 Å for model 1 and 3.55 Å
for model 2� due to the extension of the graphitic sheet. It is
interesting to note that the structure of model 1 is very simi-
lar to the equivalent section of model 2. The CuC bond
length is constant �1.42 Å� except near the edges, where the
bond extends to 1.43 Å near the inner edge and 1.44 Å near
the open edge. The bond angles are also uniform ��119° �
except near the edges, where the bond angle expands to
about 122° and there is essentially no difference between the
inner edge and the open edge. The changes in bond lengths
and bond angles near the free ends can be expected. Other

than that, the structural properties of the nanoscroll are simi-
lar to those of SWCNT’s and the Russia doll, and there is
essentially no difference in interlayer spacing, bond lengths,
and bond angles between these structures. This is reasonable
because the interlayer couplings in all these structures are
weak and the properties of these structures are mainly deter-
mined by their chirality and curvature. Results of our calcu-
lation are consistent with the experimental results.16 How-
ever, it should be pointed out that even though our structural
optimization has converged, whether carbon nanoscrolls of
such small sizes can be stable remains to be investigated. In
the following, we focus on the electronic and optical proper-
ties of the carbon nanoscrolls.

The symmetry of an achiral carbon nanotube, armchair
�n ,n� or zigzag �n ,0�, is expressed by a direct group product
Dn � Ci,

4 which depends on whether n is even or odd. When
n is even, the product is Dnh; otherwise, it is Dnd. It is known
that all armchair nanotubes are metallic with two bands
crossing the Fermi level at k= ±2� / �3a�, where a=2.47 Å is
the lattice constant of graphite. These two bands are nonde-
generate and form the � and �* states. Most of other energy
levels are doubly degenerate. The symmetry of the nano-
scroll is lower than that of the armchair nanotube, and it
belongs to the point group of Cs. The � state is thus dis-
torted, which results in a split of the degenerate states. Figure
3 shows the calculated band structures of the two models. All
energy levels of the scroll structure are nondegenerate, due to
the lower symmetry, in contrast to those of the tube structure.
The overall band structures of the two models are similar.
Compared to the band structure of a single-wall armchair
carbon nanotube,31 the two bands that cross each other now
split, due to interlayer interaction. This is similar to that in a
double-wall carbon nanotube where the same two bands split
due to the intertube interaction and result in an opening of
pseudo energy gaps.18 However, these two bands in the
nanoscrolls remain close to each other near the Brillouin-
zone boundary. By considering scrolled carbon as a curled
graphite sheet these two energy levels may result from the
bonding unsaturation at the edges of the graphene sheet.
They may be denoted as the conduction-band edge state
�CES for the one above the Fermi level� and valence-band

FIG. 1. Initial structures of �a� Model 1 and �b� Model 2 of
carbon nanoscrolls. Carbon and hydrogen atoms are shown in black
and white balls, respectively.

FIG. 2. Optimized structures of �a� Model 1 and �2� Model 2 of
carbon nanoscrolls. Carbon and hydrogen atoms are shown in black
and white balls, respectively.

FIG. 3. Calculated band structures of �a� Model 1 and �b� Model
2 of the carbon nanoscrolls. The insets are the fine structures of the
valence band top and conduction band bottom. The Fermi level is
indicated by the dashed line.
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edge state �VES for the one below the Fermi level�. It is
interesting to note that the CES level and the VES level of
model 1 come very close to each other but do not intersect,
as shown in the inset of Fig. 3�a�, indicating that the carbon
nanoscroll is a semimetal. But for model 2, the same two
energy levels cross each other, as shown in the inset of Fig.
3�b�. The larger carbon nanoscroll appears to be metallic
within the LDA. Figure 4 shows the total density of states
�TDOS� of the two models. The peak around −6.0 eV in the
TDOS of model 1 �Fig. 4�a�� is mainly due to the pp� bonds
because the pp� states are unaffected by the change of sym-
metry and dominate the bonding in the scroll. A small peak
in the TDOS can be seen around the Fermi level, which is
induced by the valence-band edge state, as shown in Fig.
3�a�. The general features of the TDOS of model 2 �Fig.
4�b�� are the same as those of model 1.

Figure 5 shows the electron densities of the valence-band
edge state and conduction-band edge state of both models.
The electron densities have been summed over all k points in
the Brillouin zone. For model 1, the VES and CES are
mainly contributed by the p orbitals of the carbon atoms near

the inner and outer edges. These p orbitals are perpendicular
to the axis of the scroll and contribute to the formation of the
� state in the SWCNT’s �tube � state�. In the scroll struc-
ture, the p orbitals of the carbon atoms near the edges sepa-
rate from the tube � state and form � states �edge � states�
along the scroll axis near the edges of the graphite sheet. The
separation of the edge � states from the tube � states could
be due to the curvature effect. That is, different curvatures
near the edges of the graphite sheet and that in the rest of the
nanoscroll result in the splitting of the � state normally ob-
served in SWCNT. For model 2, the electron densities of the
same orbitals �Figs. 5�c� and 5�d�� show that the VES has its
origin from the p orbital of the carbon atom at the open end
of the nanoscroll �Fig. 5�c��, while the CES results mainly
from the p orbitals of the carbon atoms near the inner end of
the graphite sheet �Fig. 5�d��, which is different from model
1. Comparing the charge densities corresponding to the VES
and CES of the two models given in Fig. 5, we can see that
p orbitals from carbon atoms near both ends of the nano-
scroll in model 1 contribute to these energy levels. However,
in model 2, the p orbital of the carbon atoms near the open
end is mostly filled with electrons while that near the inner
end is largely unoccupied. Thus, increasing the size of the
nanoscroll results in decoupling between the p orbitals at the
two ends. It can be concluded that the curvature effect of the
inner part pushes the CES up and separates the VES and
CES, as in model 1, but this effect diminishes with increase
in the size of the nanoscroll.

Compared to SWCNT’s and MWCNT’s, nanoscrolls
show certain unique electronic properties. First of all, non-
degenerate states dominate in nanoscrolls, in contrast to the
doubly degenerate states in SWCNT’s. Furthermore, for the
small nanoscroll �model 1�, the VES and CES are very close
but remain on separate sides of the Fermi level, EF, resulting
in a pseudogap. It was reported that a gap or a pseudogap can
be induced in MWCNT’s composed of metallic armchair
tubes due to intertube interaction or reduced symmetry.18

Similarly, the pseudogap observed here in model 1 can be
attributed to the reduced symmetry and the curvature effect
of the nanoscroll. The pseudogap disappears as the number
of overlapping layers increases, as observed in model 2. It is
noted that the electronic properties of the nanoscroll are re-
lated to the number of overlapping layers in the scroll. The
metallic property of the tube is restored when the number of
overlapping layers reaches a certain value.

Theoretical studies on optical properties of SWCNT’s and
MWCNT’s have been reported.32–35 A special structure at
��2�0, where �0��2.4–3.0 eV� is the nearest-neighbor
overlap integral,6 has been observed for MWCNT’s.34 We
calculated, and in the following give a comparison of, the
reflection spectra and loss functions of the two models.

The reflectance spectra were calculated for a periodic sys-
tem from R���= �1−������2 / �1+������2, where ����
=�1���+ i�2��� is the macroscopic dielectric function. Fig-
ures 6�a� and 6�b� show the calculated reflectance spectra �R�
for light polarization perpendicular and parallel to the axis of
the nanoscroll, respectively. In the case of perpendicular light
polarization, R decreases first, reaches a minimum, and then
increases, as � increases from zero to �0��1.1 eV�. The

FIG. 4. Calculated total density of states for �a� Model 1 and �b�
Model 2, respectively. The Fermi level is indicated by the dashed
line.

FIG. 5. �Color online� The electron density of �a� the valence
band edge state of Model 1; �b� the conduction band edge state of
Model 1; �c� the valence band edge state of Model 2; and �d� the
conduction band edge state of Model 2.
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reflectance spectrum reaches a peak at �=�0. Beyond the
peak, R decreases rapidly as a function of �, reaches the
second minimum, and then increases rapidly again, until
reaching the second peak at 2�0 ��4.9 eV in our calcula-
tion�. With a further increase in �, R drops to 0 rapidly. The
small peak at �0 is not apparent under the parallel light po-
larization, particularly for model 2, as shown in Fig. 6�b�.
Generally, the frequency-dependent reflectance spectrum of
the nanoscroll is similar to that of MWCNT’s,34 except the
peak at �0. For example, the peak at �=2�0 and an abrupt
�-plasmon edge at �	2�0 are typical features of reflectance
spectra of MWCNT’s. However, the peak at �0 is only ob-
served in SWCNT’s,36 and its position is upshifted with an
increase in the diameter of the SWCNT’s. This low-
frequency peak corresponds to the transition between DOS
peaks of the tubes. In this aspect, the optical properties of
carbon nanoscrolls are similar to those of the corresponding
SWCNT’s. Comparing the reflectance spectra of the two
models, no major difference is observed, except the intensity
of the spectrum, especially at �0.

The loss functions, calculated from Im�−1/����� at zero-
momentum transfer, are shown in Figs. 7�a� and 7�b�, for
light polarization perpendicular and parallel to the axis of the
scroll, respectively. Several peaks, including a pronounced
one near 2�0, can be seen in the loss functions of both nano-
scrolls. The pronounced peak at �=2�0 can be attributed to
the collective excitations of � electrons. The � plasmon is
weaker for the perpendicular polarization than that for the
parallel polarization, due to the fact that optical excitation is

less effective in the perpendicular case. Under perpendicular
light polarization, peaks are also observed in the high-
frequency region ���13.5 eV�. These peaks are attributed
to the high-frequency �+� plasmon.33 There exists another
peak around ��2.0 eV in the loss function of the nano-
scroll, which is related to the inter-�-band excitation.37 This
low-frequency excitation, apparent in both polarization con-
ditions, is also seen in the spectra of SWCNT’s, but normally
does not appear in the spectra of MWCNT’s, except those
consisting of a very few walls under perpendicular
polarization.36,38 In the latter, the strength of inter-�-band
excitation reduces with the increase in the number of walls.38

It is clear in Figs. 7�a� and 7�b�, particularly in the case of
parallel light polarization, that the strength of the � plasmon
increases and its peak position upshifts with the increase of
overlapping layers in the nanoscrolls which results from the
increased number of carbon atoms and thus enhanced
strength of the p orbitals. This is similar to the size effects in
MWCNT’s where the � plasma was also enhanced and up-
shifts with the increase in number of walls.38 On the other
hand, the inter-�-band excitation is also strengthened but the
peak position slightly downshifts as the overlapping layers
increase. This is because the spacing between energy levels
decreases with an increasing number of atoms due to the
splitting of degenerate levels. The downward shift of the
inter-�-band excitation peak is different from that in
MWCNT’s,38 but similar to the size effect in SWCNT’s

FIG. 6. �Color online� Reflection spectra of the two models, �a�
for light polarization perpendicular to the nanoscroll’s axis; �b� for
light polarization parallel to the nanoscroll’s axis. The dashed line
�solid line� is for Model 1 �Model 2�.

FIG. 7. �Color online� Loss functions of the two models, �a� for
light polarization perpendicular to the nanoscroll’s axis; �b� for light
polarization parallel to the nanoscroll’s axis. The dashed line �solid
line� is for Model 1 �Model 2�. The insets show loss functions of the
armchair carbon nanotube �10, 10�.
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where the inter-�-band excitation is enhanced and down-
shifted with the increase in tube diameter.35 Therefore, the
loss function of nanoscrolls behaves like MWCNT’s except
at the low-frequency region where it is similar to that of
SWCNT’s.

In summary, we performed first-principles calculations of
the electronic and optical properties of carbon nanoscrolls.
Our results show that the electronic and optical properties of
carbon nanoscrolls are different from those of nanotubes.
The electronic properties of the scroll are closely related to

the overlapping layers in the scroll. For the small scroll
�model 1�, the valence-band edge state and the conduction-
band edge state are very close but do not cross each other.
But for the large scroll �model 2�, they are tangled near the
Fermi level. The nanoscrolls were found to be metallic and
semimetallic within the LDA. Anisotropic properties were
observed in the calculated optical properties of the nano-
scrolls. Analysis of the reflection and loss function showed
that the nanoscroll structure shares properties with both
SWCNT’s and MWCNT’s.
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